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RHENIUM-CONTAINING
TRANSALKYLATION CATALYSTS AND
PROCESSES FOR MAKING THE SAME

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority from Provisional Applica-
tion Nos. 60/825,306 and 60/825,313 both of which were

filed on Sep. 12, 2006, and each 1s hereby incorporated by
reference 1n 1ts entirety.

FIELD OF THE INVENTION

This mvention relates to improved catalysts, processes for
preparing the catalysts, and processes for transalkylating
alkylaromatics employing the catalysts. The catalysts contain
an acidic MFI molecular sieve component having a S1/Al,
molar ratio of less than 80, a mordenite component, a rhenium
component, a rhenium-dispersing binder and optionally a
sulfur component to provide a desirable transalkylation prod-
uct having a low benzene co-boiler content. The catalysts are
also suitable for the disproportionation of toluene and the

dealkylation of ethyl and higher alkyl groups of alkylben-

zenes such as methyl ethyl benzene.

BACKGROUND OF THE INVENTION

The xylene 1somers are produced 1n large volumes from
petroleum as feedstocks for a variety of important industrial
chemicals. The most important of the xylene 1somers 1s para-
xylene, the principal feedstock for polyester, which continues
to enjoy a high growth rate from large base demand. Ortho-
xylene 1s used to produce phthalic anhydride, which supplies
high-volume but relatively mature markets. Meta-xylene 1s
used 1n lesser but growing volumes for such products as
plasticizers, azo dyes and wood preservers. A prior art aro-

matics complex flow scheme has been disclosed by Meyers in
Part 2 of the Handbook of Petroleum Refining Processes,
Second Edition, 1997, published by McGraw-Hill.

In general, a xylene production facility can have various
types of processing reactions. One 1s a transalkylation in
which benzene and/or toluene are reacted with C,™ aromatics
to form xylene. Another 1s xylene 1somerization, which may
also 1include dealkylation, where a non-equilibrium mixture
of xylenes 1s 1somerized. And another 1s the disproportion-
ation of toluene to form benzene and xylene.

In the transalkylation process, adverse side reactions can
occur. For mstance, the aromatic ring may become saturated
or even cleaved resulting in naphthene and acyclic paraffin
(non-aromatics) co-production. The co-production of these
non-aromatics, of course, results 1n a loss of valuable aromat-
ics. Moreover, benzene 1s often a sought co-product from a
xylene production facility. As some of the non-aromatics have
similar boiling points to benzene (benzene co-boilers), they
are not readily removed to achieve a benzene product of
sought purity for commercial applications which frequently
demand a benzene product having at least a 99.85 percent
purity.

U.S. Pat. No. 3,562,345 discloses catalysts for transalky-
lation or disproportionation of alkylaromatics comprising
aluminosilicates such as mordenite. Catalytically active met-
als such as groups VIB and VIII metals may be present.

U.S. Pat. No. 4,857,666 discloses a transalkylation process

over mordenite and suggests modifying the mordenite by
steam deactivation or incorporating a metal modifier into the
catalyst.
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U.S. Pat. No. 5,004,855 discloses a catalyst for dealkylat-
ing ethylbenzene containing a hydrogenation metal such as
platinum, nickel or rhenium and acidic zeolite. They state that
the catalyst 1s subjected to a sulfiding treatment before use.
While they state that any method capable of converting rhe-
nium to a sulfide can be adopted for the sulfiding treatment,
they preter sulfiding with hydrogen sulfide at a temperature
between room temperature and 500° C. The sulfiding treat-
ment can be carried out 1n a reaction vessel just before use or
betore the calcination for activation in air. By sulfiding, the
activity of the catalyst 1s purported to be increased and the
loss of xylene due to the side reaction 1s said to be decreased.

U.S. Pat. No. 5,763,720 discloses a transalkylation process
for conversion of C,+ aromatics over a catalyst containing
zeolites 1llustrated 1n an extensive list including amorphous
silica-alumina, MCM-22, ZSM-12, and zeolite beta, where
the catalyst further contains a Group VIII metal such as plati-
nuimn.

U.S. Pat. No. 5,942,651 discloses a transalkylation process
in the presence of two zeolite containing catalysts. The first
zeolite catalyst 1s selected from the group consisting of
MCM-22, PSH-3, SSZ-25, ZSM-12, and zeolite beta. The
second zeolite catalyst contains ZSM-5, and 1s used to reduce
the level of saturated co-boilers 1n making a higher purity
benzene product.

U.S. Pat. No. 5,952,536 discloses a transalkylation process
using a catalyst comprising a zeolite selected from the group
consisting of SSZ-26, A1-S57-33, CIT-1, SSZ-35, and SSZ-
44. The catalyst also comprises a mild hydrogenation metal
such as nickel or palladium, and can be used to convert
aromatics with at least one alkyl group including benzene.

U.S. Pat. No. 5,847,256 discloses a process for producing
xylene from a feedstock containing C, alkylaromatics with
cthyl-groups over a catalyst containing a zeolite component
that 1s preferably mordenite and with a metal component that
1s preferably rhenium.

U.S. Pat. No. 6,060,417 discloses catalysts and processes
for transalkylation of alkylaromatics wherein the catalysts
comprise mordenite, inorganic oxide and/or clay and at least
one metal component of rhentum, platinum and nickel. See

also, U.S. Pat. No. 6,359,184.

U.S. Pat. No. 6,867,340 discloses disproportionation/tran-
salkylation catalysts having a carrier and a metal component
on the carrier. The metal component 1s platinum and either tin
or lead, and the carriers comprise mordenite and/or beta zeo-
lite with certain Al/S1, ratios, optionally ZSM-35 zeolite with
certain Al/S1, ratios, and binder. The benefits of the catalyst
are said to be high yields of xylenes and preventing catalyst
deactivation.

U.S. Pat. No. 6,872,866 discloses a liquid phase xylene
1somerization process which uses a zeolite beta and pentasil-
type zeolite. The catalyst can contain a hydrogenation metal
component such as a platinum group metal and modifiers
such as rhenium, tin, germanium, lead, cobalt, nickel, indium,
gallium, zinc, uranium, dysprosium, thalllum, and mixtures

thereof.

US Patent Application Publication No. 2005/0026771,
now U.S. Pat. No. 7,202,189, discloses catalysts for tran-
salkylation of C,, C,, and C,, aromatics to C, aromatics
having a trilobe shape with a maximum efiective diameter of
0.16 cm. The catalyst 1s composed of a support, which can be
selected from the group consisting of mordenite, beta, MFI,
s1lica-alumina and mixtures thereot. The catalyst 1s also com-
posed of an optional element deposited on the support
selected from the group consisting of platinum, tin, lead,
indium, germanium, rhenium, or any combination of these
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clements. The catalyst also can contain a binder, which 1s
preferably alumina. The preferred support 1s mordenite.

US Patent Application Publication No. 2005/0266979,
now U.S. Pat. No. 7,220,885, discloses catalysts having a
sulfur component, a rhentum component, and a solid-acid
component for transalkylation processes to convert aromatics
into xylenes with decreased methane production. The cata-
lysts have a solid-acid component such as mordenite,
mazzite, zeolite beta, ZSM-11, ZSM-12, ZSM-22, ZSM-23,
MFI topology zeolite, NES topology zeolite, EU-1, MAPO-
36, MAPSO-31, SAPO-5, SAPO-11, SAPO-41, and silica-
alumina. The sulfur component may be incorporated into the
catalyst by any known technique. Any one or a combination
of 1n s1tu and/or ex situ sulfur treatment methods 1s preferred.
The resulting catalyst mole ratio of sulfur to rhenium 1s pret-
erably from about 0.1 to less than about 1.5. In ex situ sulfid-
ing, the catalyst 1s contacted with a source of sulfur at a
temperature ranging from about 0° to about 500° C. The
source of sultur, typically hydrogen sulfide, can be contacted
with the catalyst directly or via a carrier gas, typically, an inert
gas such as hydrogen or nitrogen. The catalyst composition
can also be treated 1n situ where a source of sulfur 1s contacted
with the catalyst composition by adding it to the hydrocarbon
feed stream 1n a concentration ranging from about 1 ppm-
mole sulfur to about 10,000 ppm-mole sulfur. Typical
examples of appropriate sources of sulfur include carbon

disulfide and alkylsulfides such as methylsulfide, dimethyl-
sulfide, dimethyldisulfide, diethylsulfide and dibutylsulfide.

Mordenite, due to its high transalkylation activity, has
found application as a catalyst component for transalkylation
processes. The addition of rhentum as a hydrogenation com-
ponent has greatly enhanced the performance of the catalyst
in transalkylation processes. Under transalkylation condi-
tions, ethyl substituents from, e.g., methylethylbenzene, are
typically cleaved from the aromatic ring and should be hydro-
genated to ethane. One of the problems 1s that the reaction
must be selective. Thus, the hydrogenation should be sufifi-
cient to convert an ethylene to ethane yet not result 1n hydro-
genation of the aromatic ring. Heretofore transalkylation
catalysts have used relatively small amounts of rhenium, gen-
erally up to about 0.2 mass percent, 1n order to achieve a
balance between hydrogenation activity and the avoidance of
Ring Loss. The low metal loading, however, results 1n a
catalyst that has a higher deactivation rates than desired,
especially with feeds containing aromatics of 10 or more
carbons. Feeds containing these higher alkylaromatics are
advantageous 1n order to recover more xylene values from a
xylene production unit. Other molecular sieves including
MFT have been suggested for transalkylation. Accordingly, a
need exists for catalysts and processes for the transalkylation
of alkylaromatics, which processes have desirable activities
and selectivities of conversion to the desired alkylaromatics
such as xylenes, yet result 1n low Ring Loss, have improved
stability, and provide a benzene co-product having a low
content of benzene co-boilers, 1.e., a low content of non-
aromatics having 6 and 7 carbon atoms.

DEFINITIONS

Evaluation Conditions are:

Feedstock (+/-0.5%-mass):

Toluene: 75%-mass
Trimethylbenzene: 10%-mass
Methylethylbenzene: 10%-mass
Propylbenzene: 2%-mass
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-continued

Feedstock (+/-0.5%-mass):

Dimethylethylbenzene: 1%-mass
Diethylbenzene: 0.5%-mass
Tetramethylbenzene: 0.5%-mass
Other alkylaromatics balance

and benzene:

Pressure: 1725 kPa (absolute)
WHSV, hr ! 4
H->/HC: 6

Overall Conversion: 30%-mass

2L

As used herein, when values are stated as “ranges™, “rang-
ing”’, “between’ and the like, the values include the end points
given. H,/HC 1s the hydrogen to hydrocarbon mole ratio.
Overall conversion 1s the weighted average conversion of the
compounds in the feed. Ring Loss, expressed as mole percent,
1s determined as the difference between the moles of mono-
cyclic aromatic rings 1n the feed to the transalkylation reactor
and the moles of monocyclic aromatic rings 1n the effluent
from the transalkylation reactor relative to the moles of
monocyclic aromatic rings 1n the feed. MCP Index 1s the ratio
of methylcyclopentane 1n the product to the methylcyclopen-
tane 1n the feed expressed as a percent based upon the con-
version of methylcyclopentane 1n a feed containing about 0.1
mass percent methylcyclopentane in benzene at 380° C. inthe
presence of the catalyst at 1725 kPa (absolute), a weight
hourly space velocity (WHSV) of 4 hr™', and a hydrogen to
methylcyclopentane mole ratio of 6.

SUMMARY OF THE INVENTION

In accordance with the invention, rhenium-containing
catalysts are provided that exhibit desirable activities and
selectivities for the transalkylation of alkylaromatics with
relatively low co-production of non-aromatic benzene co-
boilers. As used herein, the term transalkylation 1s intended to
include transalkylation between and among alkylaromatics as
well as between benzene and alkylaromatics and includes
disproportionation, e.g., of toluene to benzene and xylene. In
an embodiment the transalkylation catalyst comprises a
mordenite component; an acidic MFI molecular sieve com-
ponent having a S1/Al, molar ratio of less than about 80; a
rhenium component; and a rhenium-dispersing binder. In
another embodiment the transalkylation catalyst further com-
prises a sulfur component wherein the atomic ratio of sulfur to
rhenium 1s between about 0.2:1 and about 0.7:1. Such cata-
lysts provide not only desirable overall conversion, but also
low benzene co-boilers make. Moreover, the catalysts of this
invention can provide enhanced stability and xylene vyields
during transalkylations to xylenes especially where the feed
for transalkylation contains trimethylbenzene and methyleth-
ylbenzene.

The invention, 1n an embodiment, 1s a process for making,
a transalkylation catalyst comprising forming the catalyst
comprising a mordenite component, an acidic MFI molecular
sieve component having a Si1/Al, molar ratio of less than
about 80, a rhemium component, and a rhenium-dispersing
binder; oxidizing the formed catalyst at conditions including
an oxygen atmosphere, a temperature of between 370° C. and
about 650° C., and a time of between about 0.5 and about 10
hours; and reducing the oxidized catalyst 1n a gas comprising
hydrogen at conditions including a temperature between
about 100° C. and about 650° C. Where the catalyst contains
sulfur, the sulfur may be added by any well known technique
preferably at a temperature between about 0° C. and 500° C.




US 7,456,124 B2

S

to provide a an atomic ratio of sultur to rhenium between
about0.2:1 and about 0.7:1. In an embodiment, sulfur ranging
from about 1 to about 10,000 ppm-mole 1s added to the
reduction gas during reduction of the oxidized catalyst. In
another embodiment, this reduction/sulfiding step 1s con- 5

ducted between about 200° C. to about 400° C. with a hydro-
carbon in the reduction gas.

In an embodiment, the invention 1s a process for producing,
xylene comprising contacting a feed stream comprising an
aromatic hydrocarbon having at least seven carbon atoms 10
with a catalyst at aromatic conversion conditions imncluding,
the presence of hydrogen wherein the catalyst comprises a
mordenite component; an acidic MFI molecular sieve com-
ponent having a S1/Al, molar ratio of less than about 80; a
rhenium component; and a rhentum-dispersing binder; and 15
producing a product stream having an increased concentra-
tion of xylene.

DETAILED DESCRIPTION OF THE INVENTION

20

Processes for Use
Transalkylation

The processes of this mvention comprise transalkylation
between lighter (non- or less substituted) aromatics and ,4
heavier, greater substituted alkylaromatics with the product
being alkylaromatics having the number of substitutions
between those of the lighter fraction and those of the heavier
fraction and disproportionation of a substituted aromatic to
provide a greater substituted aromatic and a lesser substituted 5,
aromatic, e.g., the disproportionation of toluene to form
xylene and benzene. The lighter aromatics have 0 to 2 sub-
stituents and the heavier aromatics have 2 to 5 substituents
with the product falling in between. For example, benzene
may be transalkylated with methylethylbenzene to provide ;s
toluene and ethylbenzene. Similarly, benzene or toluene may
be transalkylated with trimethylbenzene to provide xylene. In
some 1nstances for xylene production facilities, 1t may be
desired to consume benzene 1n the transalkylation rather than
producing 1t as a co-product 1n which case benzene may 4
comprise from 5 to 80, preferably 10 to 60, mass percent of
the lighter aromatics.

Thus the feedstream to the present process generally com-
prises alkylaromatic hydrocarbons of the general formula
CesHes.,nR,,» where n 1s an integer from O to 5 and each R may 45
be CH,, C,H<, C;H-, or C,H,, 1n any combination. Suitable
alkylaromatic hydrocarbons include, for example but without
so limiting the invention, toluene, ortho-xylene, meta-xylene,
para-xylene, ethylbenzene, ethyltoluenes, propylbenzenes,
tetramethylbenzenes, ethyl-dimethylbenzenes, diethylben- sq
zenes, methylpropylbenzenes, ethylpropylbenzenes, triethyl-
benzenes, di-1sopropylbenzenes, and mixtures thereof. Ben-
zene may also be present, especially where C,, aromatic
compounds are present and xylenes are a sought product.

Where the sought product 1s xylenes, the feed stream pref- 55
erably comprises as the lighter fraction, including toluene and
optionally benzene, and as the heavier fraction, at least one
C," aromatic compounds. In an embodiment, the molar ratio
of benzene and toluene to C,™ aromatics 1s from about 0.1:1
to about 10:1, preferably from about 0.3:1 to about 10:1 and 60
even more preferably from about 0.4:1 to about 6:1. A pre-
terred component of the feedstock where the sought product
1s Xylenes 1s a heavy-aromatics stream comprising C,* aro-
matics. C,,” aromatics also may be present, typically in an
amount of 50 mass percent or less of the feed. The heavy- 65
aromatics stream generally comprises at least about 90 mass
percent aromatics.

6

The feedstock 1s preferably transalkylated in the gas-phase
and 1n the presence of hydrogen. I the feedstock 1s transalky-
lated 1n the gas-phase, then hydrogen 1s added, commonly 1n
an amount of from about 0.1 moles per mole of alkylaromat-
ics up to 10 moles per mole of total aromatic compounds 1n
the feed. This ratio of hydrogen to aromatic compound is also
referred to as hydrogen to hydrocarbon ratio. If the transalky-
lation 1s conducted 1n the liquid phase, it 1s usually done 1n a
substantial absence of hydrogen beyond what may already be
present and dissolved 1n a typical liquid aromatics feedstock.
In the case of partial liquid phase, hydrogen may be added 1n
an amount less than 1 mole per mole of alkylaromatics.

Transalkylation conditions typically comprise elevated
temperature, e.g., from about 100° C. to about 540° C., prei-
erably, from about 200° C. to about 500° C. Often, 1n com-
mercial facilities, the transalkylation temperature 1s increased
to compensate for any decreasing activity of the catalyst. The
feed to a transalkylation reaction zone usually first 1s heated
by indirect heat exchange against the effluent of the reaction
zone and then 1s heated to reaction temperature by exchange
with a warmer stream, steam or a furnace. The feed then 1s
passed through a reaction zone, which may comprise one or
more individual reactors containing catalyst of this invention.
The reactors may be of any suitable type and configuration.
The use of a single reaction vessel having a fixed cylindrical
bed of catalyst 1s preferred, but other reaction configurations
utilizing moving beds of catalyst or radial-flow reactors may
be employed 1f desired.

Transalkylation conditions include pressures ranging from
about 100 kPato about 6 MPa absolute, preferably from about
0.5 to about 5 MPa absolute. The transalkylation reaction can
be effected over a wide range of space velocities. The weight
hourly space velocity (WHSV) generally 1s 1n the range of
from about 0.1 to about 20 hr™" preferably from about 0.5 to
about 15 hr™!, and most often between about 1 to about 5 hr™*.
Advantageously, the transalkylation 1s conducted for a time
and under other conditions sutflicient that at least about 10,
preferably at least about 20, and often between about 20 and
60, mole percent of the heavier alkylaromatic, e.g. C,™ aro-
matic, 1s consumed. Preferably, of the heavier alkylaromatics
consumed, at least about 70, most preferably at least about 75,
mole percent are converted to lower molecular weight aro-
matics. The preferred transalkylation products are xylenes for
a xylene production facility.

The effluent from the transalkylation typically contains, 1n
addition to the transalkylation product, unreacted lighter and
heavier aromatics. Co-products such as naphthenes and par-
allins will also be present. Typically this effluent 1s cooled by
indirect heat exchange against the feed to the reaction zone
and then further cooled through the use of air or cooling water.
The effluent may be subjected to distillation 1n which sub-
stantially all C; and lighter hydrocarbons present 1n the efflu-
ent are provided 1n an overhead stream and removed from the
process. In the same or a different distillation, at least a
portion of the unreacted lights are recovered for recycle. A
transalkylation product fraction can be withdrawn, and a
heavies stream provided. All or a portion of the heavies
stream may be recycled to the transalkylation zone. All or a
portion of the lighter aromatics can be recycled to the tran-
salkylation zone.

The catalysts of this invention 1n which rhenium 1s present
in an amount of at least 0.4, preferably at leastabout 0.7, mass
percent based upon the mass of the catalyst, can find use n
transalkylating feedstocks containing alkylaromatics of 10 or
more carbon atoms due to the enhanced stability of the cata-
lyst. Hence, the feedstock to the transalkylation can contain
the bottoms stream from a xylene column which contains
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predominantly C, aromatics, but also C,, and small amounts
of C,, and higher alkylaromatics. In such 1instances, the
amount of C, " aromatics present in the feed may be at least
about 5, for example, 5 to 30, mass percent of the total
aromatic feed.

In an embodiment, the aromatic feed stream contains poly-
cyclic aromatics. Often the feedstocks have an End Boiling
Point of at least about 210° C., preferably at least about 220°
C., and sometimes between about 240° to about 280° C. and
about 340° to about 360° C. During the transalkylation and 1n
addition to the transalkylation, polycyclic aromatics are con-
verted, with a significant portion, often at least about 50 mole
percent, being converted to monocyclic aromatics. Hence, 1t
1s possible, 1n accordance with an aspect of this invention, to
convert indanes and naphthalenes, whether or not alkyl sub-
stituted, to alkyl substituted monocyclic aromatics. The deg-
radation products of the indane and naphthalene during the
conversion to monocyclic aromatics can provide the source of
alkyl moieties. Significantly, the processes of this invention
enable the conversion of polycyclic aromatics to monocyclic
aromatics without undue loss of the monocyclic moieties thus
providing high selectivities to the sought monocyclic alky-
laromatics.

In an embodiment, the transalkylation conditions are sui-
ficient to provide a transalkylation product End Boiling Point
at least about 5° C., more preferably at least about 10° C.,
lower than that of the feed to the transalkylation. The End
Boiling Point 1s the temperature at which 99.5 mass percent of
the sample would have boiled as determined by ASTM
Method D2887 simulated distillation GC method.

In an embodiment, the polycyclic aromatics in the feed
comprise at least about 0.5, and sometimes at least about 2,
for example, between about 5 and about 30, mass percent of
the total C,™ aromatics of the feed stream. Where xylenes are
the preferred product, the feed stream preferably contains at
least one of benzene and toluene. In another embodiment of
the processes of this invention, the feed stream comprises at
least a portion of a higher boiling fraction containing C,*
aromatics such as from a xylene column 1n a xylene produc-
tion facility, and the transalkylation 1s conducted with at least
one of benzene and toluene to provide a xylene-containing
transalkylation product.

In an embodiment, the processes of this invention comprise
contacting a C,* aromatic-containing feed stream comprising
polycyclic aromatic, often at least one of indane and methyl-
substituted indane and naphthalene and methyl substituted
naphthalene, with a catalyst comprising a mordenite compo-
nent; an acidic MFI molecular sieve component having a
S1/Al molar ratio ot less than about 80; a rhenium component
ranging from about 0.05 to about 5.0 mass percent of the
catalyst; and a rhentum-dispersing binder under transalkyla-
tion conditions including the presence of hydrogen to provide
a transalkylation product, said contacting being for a time
suificient to convert at least a portion, preferably at least about
25, and most pretferably at least about 50, mole percent of the
polycyclic aromatic.

Disproportionation

The feedstock for disproportionation comprises alkylaro-
matic hydrocarbons of the general formula C4H ¢_,,R,,, where
nvaries from0to 5SandR1s CH,,C,H., C;H-, or C_H,, 1n any
combination to obtain more-valuable alkylaromatics. Suit-
able alkylaromatic hydrocarbons include, for example but
without so limiting the invention, toluene, xylenes, ethylben-
zene, trimethylbenzenes, ethyltoluenes, propylbenzenes, tet-
ramethylbenzenes, ethyldimethylbenzenes, diethylbenzenes,
methylpropylbenzenes, ethylpropylbenzenes, triethylben-
zenes, di-1sopropylbenzenes, and mixtures thereof.
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The feedstock preferably comprises toluene, optionally 1n
combination with C, aromatics, and suitably 1s derived from
one or a variety ol sources. Feedstock may be produced
synthetically, for example, from naphtha by catalytic reform-
ing or by pyrolysis followed by hydrotreating to yield an
aromatics-rich product. The feedstock may be derived from
such product with suitable purity by extraction of aromatic
hydrocarbons from a mixture of aromatic and non-aromatic
hydrocarbons and fractionation of the extract. The feedstock
preferably should contain no more than about 10 mass-%
non-aromatics; the content of benzene and C, aromatics 1s
principally an economic decision relating to the dilution of
toluene from these aromatics.

Thus, the invention encompasses processes for the produc-
tion of xylene such as disproportionation and transalkylation.
In an embodiment, the invention comprises contacting a feed
stream comprising an aromatic hydrocarbon having at least
seven carbon atoms with a catalyst at aromatic conversion
conditions including the presence of hydrogen and producing
a product stream having an increased concentration of xylene
relative to the feed stream wherein the catalyst comprises a
mordenite component; an acidic MFI molecular sieve com-
ponent having a S1/Al, molar ratio of less than about 80; a
rhenium component ranging from about 0.05 to about 5.0
mass percent of the catalyst; and a rhenium-dispersing binder.

A preferred component of the feedstock 1s a heavy-aromat-
ics stream comprising C, aromatics, thereby effecting tran-
salkylation of toluene and C, aromatics to yield additional
xylenes. Benzene may also be transalkylated to yield addi-
tional toluene. Indane may be present 1n the heavy-aromatics
stream although 1t 1s not a desirable component to effect high
yields of C, aromatics product. C,,” aromatics also may be
present, preferably in an amount of 30% or less of the feed.

Within the disproportionation process the feed usually 1s
first heated by indirect heat exchange against the effluent of
the reaction zone and 1s then further heated 1n a fired heater.
The resulting vaporous stream 1s then passed through a reac-
tion zone which may comprise one or more imdividual reac-
tors. The use of a single reaction vessel having a fixed cylin-
drical bed of catalyst 1s preferred, but other reaction
configurations utilizing moving beds of catalyst or radial-
flow reactors may be employed i desired. Passage of the
combined feed through the reaction zone etlects the produc-
tion of a vaporous effluent stream comprising hydrogen and
both product and unconverted feed hydrocarbons. This eftlu-
ent 1s normally cooled by indirect heat exchange against the
stream entering the reaction zone and then further cooled
through the use of air or cooling water. The temperature of the
cifluent stream generally 1s lowered by heat exchange sufili-
ciently to effect the condensation of substantially all of the
feed and product hydrocarbons having six or more carbon
atoms per molecule. The resultant mixed-phase stream 1s
passed 1nto a vapor-liquid separator wherein the two phases
are separated and from which the hydrogen-rich vapor 1is
recycled to the reaction zone. The condensate from the sepa-
rator 1s passed 1nto a stripping column in which substantially
all C; and lighter hydrocarbons present in the effluent are
concentrated into an overhead stream and removed from the
process. An aromatics-rich stream which 1s referred to herein
as the disproportionation effluent stream 1s recovered as net
stripper bottoms.

Conditions employed in the disproportionation process
zone normally include a temperature of from about 200° C. to
600° C., and preferably from about 350° C. to about 575° C.
The temperature required to maintain the desired degree of
conversion will increase as the catalyst gradually loses activ-
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ity during processing. Normal end-of-run temperatures may
therefore exceed start-of-run temperatures by 65° C. or more.

The disproportionation zone 1s generally operated at
hydrogen to hydrocarbon ranges about 0.2 to about 0.5. The
rat1o of hydrogen to hydrocarbon 1s calculated based on the
molar ratio of free hydrogen compared against the feedstock
hydrocarbon. Periodic increases in hydrogen to hydrocarbon
above 0.5, and preferably in the range of 1 to 5 permuit catalyst
rejuvenation by hydrogenation of soit coke. In another
embodiment, the hydrogen to hydrocarbon ratio ranges from
about 1 to about 2 1n the disproportionation zone.

The disproportionation zone 1s operated at moderately
clevated pressures broadly ranging from about 100 kPa to 6
MPa absolute. A preferred pressure range 1s from 2 to 3.5
MPa. The disproportionation reaction can be etfected over a
wide range of space velocities, with higher space velocities
cifecting a higher ratio of paraxylene at the expense of con-
version. Liquid hourly space velocity generally 1s in the range
of from about 0.2 to 20 hr™".

Xylene Isomerization

The feed stocks to the aromatics 1somerization process
comprise non-equilibrium xylene and ethylbenzene. These
aromatic compounds are in a non-equilibrium mixture, 1.€., at
least one C, aromatic 1somer 1s present in a concentration that
differs substantially from the equilibrium concentration at
1Isomerization conditions. Thus, a non-equilibrium xylene
composition exists where one or two of the xylene 1somers are
in less than equilibrium proportion with respect to the other
xylene 1somer or 1somers. The xylene 1n less than equilibrium
proportion may be any of the para-, meta- and ortho-isomers.
As the demand for para- and ortho-xylenes 1s greater than that
for meta-xylene, usually, the feed stocks will contain meta-
xvylene. Generally the mixture will have an ethylbenzene con-
tent of about 1 to about 60 mass-%, an ortho-xylene content of
0 to about 35 mass-%, a meta-xylene content of about 20 to
about 95 mass-% and a para-xylene content of 0 to about 30
mass-%. Usually the non-equilibrium mixture 1s prepared by
removal of para-, ortho- and/or meta-xylene from a fresh C,
aromatic mixture obtained from an aromatics-production
process. The feed stocks may contain other components,
including, but not limited to naphthenes and acyclic paraiiins,
as well as higher and lower molecular weight aromatics.

The alkylaromatic hydrocarbons may be used in the
present invention as found in appropriate fractions from vari-
ous refinery petroleum streams, €.g., as idividual compo-
nents or as certain boiling-range fractions obtained by the
selective 1Iractionation and distillation of catalytically
cracked or reformed hydrocarbons. Concentration of the
1somerizable aromatic hydrocarbons 1s optional; the process
ol the present invention allows the 1somerization of alkylaro-
matic-containing streams such as catalytic reformate with or
without subsequent aromatics extraction to produce specified
xylene 1somers and particularly to produce para-xylene.

According to the process of the present invention, the feed-
stock, 1n the presence of hydrogen, 1s contacted with the
catalyst described herein. Contacting may be elflected using
the catalyst system 1n a fixed-bed system, a moving-bed sys-
tem, a fluidized-bed system, and an ebullated-bed system or
in a batch-type operation. In view of the danger of attrition
loss of valuable catalysts and of the simpler operation, 1t 1s
preferred to use a fixed-bed system. In this system, the feed
mixture 1s preheated by suitable heating means to the desired
reaction temperature, such as by heat exchange with another
stream 11 necessary, and then passed into an 1somerization
zone contaiming catalyst. The 1somerization zone may be one
or more separate reactors with suitable means therebetween
to ensure that the desired 1somerization temperature 1s main-
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tained at the entrance to each zone. The reactants may be
contacted with the catalyst bed 1n upward-, downward-, or
radial-flow fashion.

The 1somerization 1s conducted under 1somerization con-
ditions 1ncluding 1somerization temperatures generally
within the range of about 100° to about 550° C. or more, and
preferably 1n the range from about 150° to about 500° C. The
pressure generally 1s from about 10 kPa to about 5 MPa
absolute, preferably from about 100 kPa to about 3 MPa
absolute. The 1somerization conditions comprise the pres-
ence ol hydrogen in a hydrogen to hydrocarbon mole ratio of
between about 0.5:1 to 6:1, preferably about 1:1 or 2:1 to 3:1.
One of the advantages of the processes ol this invention 1s that
relatively low partial pressures of hydrogen are still able to
provide the sought selectivity and activity of the 1someriza-
tion and ethylbenzene conversion. A sulificient mass of cata-
lyst (calculated based upon the content of molecular sieve 1n
the catalyst composite) 1s contained 1n the 1somerization zone
to provide a weight hourly space velocity with respect to the
liquid feed stream (those components that are normally liquid
at STP) of from about 0.1 to 50 hr™', and preferably 0.5 to 25
hr'.

The 1somerization conditions may be such that the 1somer-
1zation 1s conducted 1n the liquid, vapor or at least partially
vaporous phase. For convenience 1in hydrogen distribution,
the 1somerization 1s preferably conducted 1n at least partially
in the vapor phase. When conducted at least partially in the
vaporous phase, the partial pressure of C, aromatics 1n the
reaction zone 1s preferably such that at least about 50 mass-%
of the C, aromatics would be expected to be in the vapor
phase. Often the 1somerization 1s conducted with essentially
all the C, aromatics being in the vapor phase.

Usually the 1somerization conditions are suflicient that at
least about 10, preferably between about 20 and 80 or 90,
percent of the ethylbenzene 1n the feed stream 1s converted.
Generally the 1somerization conditions do not result 1n a
xylene equilibrium being reached. Often, the mole ratio of
xylenes 1n the product stream 1s at least about 80, for example,
between about 85 and 99, percent of equilibrium under the
conditions of the 1somerization. Where the 1somerization pro-
cess 1s to generate para-xylene, e.g., from meta-xylene, the
feed stream contains less than 5 mass-% para-xylene and the
1somerization product comprises a para-xylene to xylenes
mole ratio of between about 0.20:1 to 0.25:1 pretferably at
least about 0.23:1, and most preferably at least about 0.236:1.

The Catalyst and Preparation

The catalysts of this invention comprise a rhenium com-
ponent, a molecular sieve component, and a binder. The
molecular sieve component comprises MOR and acidic MFI.
The mordenite 1s at least partially in the hydrogen form in the
fimished catalyst. The MFI 1s acidic, that 1s, having a Total
Acidity of at least about 0.15, preferably at least about 0.25,
and most preferably at least about 0.4, for example, 0.4 to 0.8
as determined by Ammonia Temperature Programmed Des-
orption (Ammonia TPD). The Total Acidity of the MFI
molecular sieve may be that of the MFI to be used in making
the catalyst of the invention or may be achieved during the
preparation of the catalyst. Typically, the MFI molecular
sieve 1s at least partially in the hydrogen form 1n the finished
catalyst.

The Ammomnia TPD process involves first heating a sample
(about 250 milligrams) of molecular sieve at a rate of about 5°
C. per minute to a temperature of about 550° C. 1n the pres-
ence of a 20 volume percent oxygen 1n helium atmosphere
(flow rate of about 100 milliliters per minute). After a hold of
about one hour, helium 1s used to tlush the system (about 15
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minutes) and the sample 1s cooled to about 150° C. The
sample 1s then saturated with pulses of ammonia 1n helium at
about 40 milliliters per minute. The total amount of ammonia
used 1s greatly 1n excess of the amount required to saturate all
the acid sites on the sample. The sample 1s purged with helium
(about 40 milliliters per minute) for about 8 hours to remove
physisorbed ammonia. With the helium purge continuing, the
temperature 1s increased at a rate of about 10° C. per minute
to a final temperature of 600° C. The amount of ammoma
desorbed 1s momitored using a calibrated thermal conductiv-
ity detector. The total amount of ammonia 1s found by 1nte-
gration. Dividing the total amount of ammonia by the dry
weight of the sample yields the Total Acidity. As used herein,
values of Total Acidity are given 1n units of millimoles of
ammonia per gram of dry sample.

The mordenite preferably has a S1/Al, molar ratio of less
than about 40:1, preferably less than about 25:1, and most
preferably between about 15:1 and 25:1. Often, the preferred
mordenites are synthesized with a S1/Al, molar ratio of
between about 10:1 and 20:1. The mordenites may be used as
such or may be dealuminated before or aiter incorporation in
the catalyst.

MFImolecular sieves used in the catalysts of this invention
have a S1/Al, molar ratio of less than about 80, preferably less
than about 40, more preferably less than about 25, for
example, between about 15:1 to about 25:1. The MFI may be
used as synthesized or may be dealuminated. Where dealu-
minated, the activity of the catalyst 1s enhanced; however,
excessive dealumination may result in the transalkylation
product containing more benzene co-boilers. While not wish-
ing to be limited by theory, the dealumination may cause
some mesoporosity to be introduced into the MFT structure. It
1s believed that the mesoporosity 1n the MFI structure can
enhance overall conversion.

Dealumination may be efl

ected by any suitable technique
such as acid treatment and steaming. Where steamed molecu-
lar sieve 1s used, it 1s preferably mildly steamed, e.g., using
between about 2 and 50, preferably between about 5 to 30,
volume percent steam, pressure of from about 100 kPa to 2
MPa, and temperature of less than about 650° C., for example,

about 500° C. to about 600° C., more preferably about 550° C.

to 600° C. The steam Calcmatlon may occur before or after the
molecular sieve 1s shaped into the sought catalyst form, e.g.,
using a binder. Desirable catalysts have been obtained when
the steaming occurs after the formation of the catalyst.

Preferably the mass ratio of MFI to mordenite 1s i the
range of about 1:10 to 5:1, most preferably about 1:10to 1:1.
In an embodiment, the mordenite component comprises
between about 20 to about 80 mass percent of the catalyst; the
acidic MFI molecular sieve component comprises between
about 10 and about 70 mass percent of the catalyst; and the
binder comprises between about 1 and about 40 mass percent
of the catalyst. In the preferred catalysts of this invention, the
catalyst has a MCP Index of at least about 40 mass percent
under Evaluation Conditions while exhibiting a Ring Loss of
less than 2 mole percent under Evaluation Conditions. Under
Evaluation Conditions, the preferred catalysts of this mven-
tion provide a product containing less than 10,000, and some-
times less than about 5000, parts per million by mass of total
C, and C- non-aromatics.

Processing techniques for making the catalyst can aflect
catalyst performance. For instance, occlusion of catalyti-
cally-active sites can occur. Hence, care should be taken,
especially where rhentum 1s provided on the catalyst by
impregnation, that the activity of the catalyst 1s not unduly
impaired and that the sought low benzene co-boiler content of
the transalkylation product is obtained.
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A suitable refractory binder or matrix 1s used to facilitate
tabrication of the catalyst, provide strength and reduce fabri-
cation costs. The binder also provides a surface for dispersion
of the rhentum component and, hence, 1s a rhenium-dispers-
ing binder. Especially where rhenium 1s provided on the cata-
lyst 1n a non-1onic or anionic form, an 10n exchange mecha-
nism 1s not available to draw the rhenium into the molecular
sieves. Thus, the binder must enable the rhenium to disperse.
Suitable binders include inorganic oxides such as one or more
of alumina, magnesia, zircoma, chromia, titania, boria, tho-
ria, aluminum phosphate, and zinc oxide. The preferred 1nor-
ganic oxide binders include alumina, especially transition
and gamma aluminas, due to their rhenium dispersing prop-
erties. Particularly useful aluminas are commercially avail-
able under the trade names Catapal™ B and/or Versal™ 2350.
Silica typically 1s not a good rhentum-dispersing binder.

The molecular sieve may be present 1n a range from 5 to 99
mass percent of the catalyst and the refractory inorganic oxide
may be present in a range of from about 1 to 95 mass percent.
Preferably, since rhentum 1s likely present on the binder, the
binder 1s provided 1n an amount of at least about 3, preferably
between about 10 and 40, mass percent of the catalyst.

The molecular sieve component comprises one or more
molecular sieves. Molecular sieves include, but are not lim-
ited to, BEA, MTW, FAU (including zeolite Y (both cubic and
hexagonal forms) and zeolite X), MOR, LTL, ITH, ITW,
MEL, FER, TON, MFS,IWW, MF1, EUO, MTT, HEU, CHA,
ERI, MWW, and LTA. MFI may be replaced by any suitable
alumino-silicate molecular sieve with pores that have at least
one 10 member or higher rng. Similarly, MOR may be
replaced by any suitable alumino-silicate molecular sieve
with pores that have at least one 12 member or higher ring.
Furthermore, the pore structure of the molecular sieve can be
one or higher dimensional. Molecular sieves of known struc-
ture types have been classified according to their three-letter
designation by the Structure Commission of the International
Zeolite Association (available at the web site www.1za-struc-
ture.org/databases) and such codes are used herein. The
molecular sieves are preferably at least partially 1n the hydro-
gen form 1n the finished catalyst. The acidity of the molecular
sieve may be that of the molecular sieve to be used 1n making,
the catalyst of the invention or may be achieved during the
preparation of the catalyst.

One shape of the catalyst of the present invention 1s a
cylinder. Such cylinders can be formed using extrusion meth-
ods known to the art. Another shape of the catalyst 1s one
having a trilobal or three-leaf clover type of cross section that
can be formed by extrusion. Another shape is a sphere that can
be formed using oil-dropping methods or other forming
methods known to the art.

The catalyst also contains an essential rhenmium metal com-
ponent. This component may exist within the final catalytic
composite as a compound such as an oxide or sulfide, 1n
chemical combination with one or more of the other ingredi-
ents of the composite. The catalyst may optionally contain
additional modifier metal components. Preferred metal modi-
fier components of the catalyst include, for example, tin,
germanium, lead, indium, platinum, palladium and mixtures
thereol. Preferred modifiers are at least one of tin and germa-
nium. Often the catalysts comprise a catalytically effective
amount ol acidic molecular sieve, a catalytically effective
amount of rhenium, and a combination of tin and germanium
wherein the atomic ratio of germanium to rhenium is at least
about 2:1 and the atomic ratio of tin to rhenium 1s at least
about 0.1:1. See, for instance, copending patent application
Ser. No. 11/460,647, filed on Jul. 28, 2006, now U.S. Pat. No.

7,378,363, herein incorporated 1n 1ts entirety by reference.
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The metal components may be incorporated into the catalyst
by any means known 1n the art, such as co-precipitation,
ion-e¢xchange, co-mulling or impregnation. A preferred
amount 1s a range of about 0.01 to about 5.0 mass percent on
an elemental basis. In an embodiment, the catalyst contains
between about 0.05 and about 5.0 mass percent rhenium
based upon the total weight of the catalyst, and between about
0.1 and about 3.0 mass percent rhenium 1n another embodi-
ment. While not wishing to be limited by theory, catalytically
elfective amounts are those of mordenite for transalkylation,
of acidic MFI zeolite for cracking naphthenes, and of rhenium
for enhancing overall conversion and catalyst stability at the
selected process conditions.

One method of preparing the catalyst involves the utiliza-
tion of a soluble, decomposable compound containing rhe-
nium to impregnate the carrier material 1n a relatively uniform
manner. Typical rhentum compounds which may be
employed include ammonium perrhenate, sodium perrhen-
ate, potassium perrhenate, potassium rhenium oxychloride,
potassium hexachlororhenate (IV), rhenium chloride, perrhe-
nic acid, and the like compounds.

Preferably, the compound 1s ammonium perrhenate or per-
rhenic acid because no extra steps may be needed to remove
any co-contaminant species.

Another method for preparing the catalyst comprises co-
mulling the molecular sieve component, rhenium and binder
to provide an extrudable mixture for forming the sought cata-
lyst shape. Any suitable method for co-mulling technique
may be used. In general, the molecular sieve components and
binder are blended 1n dry or dough form. A soluble, decom-
posable compound containing rhenium 1s provided 1n solu-
tion with the molecular sieve component prior to or during the
blending of the molecular sieve component and binder or
alter the molecular sieve component and the binder have been
blended. Typical rhemmum compounds are those set forth
above. For the sake of convenience, water 1s used as the liquid
phase of the dough although other liquids could be used.
Usually sufficient liquid 1s added to provide an extrudable
mass. Often, an acid 1s added to peptize the binder.

The mulling may be at any convenient temperature, often
in the range of about 5° C. to 90° C. and for a time sufficient
to provide the sought uniformity of distribution of the com-
ponents. The mulling time will vary depending upon the
nature of the mixing apparatus and the severity of the mulling.
Frequently, the mulling duration 1s at least about 0.1, for
example, about 0.2 to 24, hours. For purposes of avoiding
damage to the molecular sieve component, physically milder
mulling conditions are used, albeit requiring a longer time to
achieve the sought uniformity of distribution of the compo-
nents. The dough 1s extruded into the sought catalyst shape
and dried, usually at a temperature of between about 50° C.
and about 300° C. for about 1 to about 24 hours.

Preferably, whether the catalyst 1s made by impregnation,
co-mulling or other technique, at least one oxidation, or cal-
cination, step 1s used. It 1s believed that the calcination step
assists 1n the dispersion of rhenium 1n the catalyst. The con-
ditions employed to effect the oxidation step are selected to
convert substantially all of the metallic components within
the catalytic composite to their corresponding oxide form.
The oxidation step typically takes place at a temperature of
from about 370° C. to about 650° C. An oxygen atmosphere
1s employed typically comprising air. Generally, the oxida-
tion step will be carried out for a period of from about 0.5 to
about 10 hours or more, the exact period of time being that
required to convert substantially all of the metallic compo-
nents to their corresponding oxide form. This time will, of
course, vary with the rhenium component used to make the
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catalyst, the oxidation temperature employed, and the oxygen
content of the atmosphere employed. Sometimes steam 1s
present during the calcinations, to modify the acidity and/or
pore structure of the molecular sieve, e€.g., in an amount of
between about 5 and 70, for example, about 5 and 40, volume
percent. In any event, the rhenmium 1s preferably 1n at least a
partial oxide form at the time of sulfiding. Usually, the oxi-
dation state of the rhenium at the time of sulfiding 1s at least
about +4.

In preparing the catalyst, a reduction step may be
employed. The reduction step may be performed prior to
loading the catalytic composite 1nto the hydrocarbon conver-
s10n zone (ex-situ reduction) or it may be performed 1n situ as
part of a hydrocarbon conversion process start-up procedure.
Good catalyst performance can be obtaimned without an ex-
s1tu reduction step. IT an ex-situ reduction step 1s employed, it
1s not essential that substantially all of the metal components
be reduced to the corresponding elemental metallic state. For
instance, a partial reduction may occur ex situ and additional
reduction may occur in situ. It 1s preferred that the reduction
step take place 1n a substantially water-iree environment.
Preferably, the reducing gas 1s substantially pure, dry hydro-
gen (1.¢., less than 20 ppm-mass water). For ex-situ reduc-
tions, other gases may be present such as CO, nitrogen, eftc.
Typically, the reducing gas 1s contacted with the catalyst at
conditions including a reduction temperature of from about
200° C. to about 650° C., often from about 250° C. to 400° C.,
for aperiod of time of from about 0.5 to 24 or more hours. The
reduction step may be performed under atmospheric pressure
or at higher pressures. For in-situ reductions, proper precau-
tions must be taken to pre-dry the conversion unit to a sub-
stantially water-free state, and a substantially water-free
reducing gas should be employed. Preferably, the reducing
gas comprises at least one of hydrogen and a hydrocarbon.

Thus, 1n an embodiment the mmvention 1s a process for
making a transalkylation catalyst comprising: a) forming the
catalyst comprising a mordenite component, an acidic MFI
molecular sieve component having a S1/Al2 molar ratio of
less than about 80, a rhenium component ranging from about
0.05 to about 5.0 mass percent of the catalyst, and a rhenium-
dispersing binder; b) oxidizing the formed catalyst at condi-
tions 1ncluding an oxygen atmosphere, a temperature of
between 370° C. and about 650° C., and a time of between
about 0.5 and about 10 hours; and c¢) reducing the oxidized
catalyst in a reducing gas comprising at least one of hydrogen

and a hydrocarbon at conditions including a temperature
between about 100° C. and about 650° C.

Preferably, the catalytic composite 1s subjected to a sulfur
treatment or pre-sulfiding step. Where sulfided, the catalysts
of this mvention may contain higher levels of rhenium than
previously found commercially acceptable, thus further
enhancing overall conversion and catalyst stability and life-
times. The sulfided catalysts, for instance, may beneficially
have at least about 0.4, for example, about 0.4 to 5.0, mass
percent rhenium. The sultur component may be incorporated
into the catalyst by any known technique. Any one or a com-
bination of 1n situ and/or ex situ sulfur treatment methods 1s
preferred. The resulting catalyst mole ratio of sulfur to rhe-
nium 1s preferably from about 0.1 to less than about 1.5, and
even more prelferably the catalyst mole ratio of sulfur to
rhenium 1s about 0.3 to about 0.8. Effective treatment 1s
accomplished by contacting the catalyst with a source of
sulfur at a temperature ranging from about 0° C. to about 500°
C. The source of sultfur can be contacted with the catalyst
directly or via a carrier gas, typically, hydrogen or an inert gas
such as nitrogen. In this embodiment, the source of sulfur 1s
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typically hydrogen sulfide although other sultur compounds
such as those listed hereinafter can be used.

The catalyst composition can also be sulfided in situ where
a source of sulfur 1s contacted with the catalyst composition
by adding it to the hydrocarbon feed stream 1n a concentration
ranging irom about 1 ppm-mole sulfur to about 5,000 or
10,000, preferably from about 5 to 500, ppm-mole sulfur. The
need to add a sultur source to the hydrocarbon feed stream
may be reduced or eliminated entirely depending on the
actual content of sulfur which may already be present in some
hydrocarbon streams. Typical examples of appropnate
sources of sulfur include hydrogen sulfide, carbon disulfide
and alkylsulfides such as methylsulfide, dimethylsulfide,
dimethyldisulfide, diethylsulfide and dibutylsulfide. Such
sources are exemplary for all sulfiding described herein
unless otherwise noted. Typically, sultur treatment 1s 1initiated
by incorporating a source of sulfur into the feed and continu-
ing sulfur treatment for a time suflicient to provide the sought
amount of sulfiding. Depending upon the concentration of the
sulfur 1n the feed, the sulfiding may be accomplished 1n less
than one hour or may be over a longer period of time, e.g., for
a day or more. The sulfur treatment may be monitored by
measuring the concentration of sulfur 1n the product off gas.
The time calculated for sultur treatment will depend on the
actual concentration of sulfur in the feed and the desired
sulfur loading to be achieved on the catalyst. Especially
where sulfiding 1s done 1n-situ, good results can be obtained
without the need to pre-reduce the catalyst. In some 1nstances
it has been found that even when more sulfur 1s provided than
sought for the targeted sulfur to rhenium atomic ratio, the
sulfur to rhenium ratio appears to reach a level and the rhe-
nium does not become oversuliided.

In accordance with this invention, it has been found that
certain catalyst preparation procedures can enable a rhenium-
containing catalyst to be sulfided 1n a manner that does not
adversely aflect the performance of other catalyst compo-
nents, such as molecular sieves, while permitting the use of
higher concentrations of rhenium that enhance catalyst sta-
bility. The catalysts of this invention are particularly usetul
for disproportionation and transalkylation of alkylaromatic
compounds and for the 1somerization of alkylaromatics. The
enhanced stabilities exhibited by the catalysts of this mven-
tion enable the catalyst to be used for the transalkylation of
feeds containing aromatics of 10 and more carbon atoms.

Procedures exemplified for sulfiding rhenium catalysts in
the aforementioned patents and published patent applica-
tions, while providing acceptable catalysts at low rhenium
concentrations, 1.€., below about 0.4, and particularly below
about 0.25, mass percent rhentum, fail to provide commer-
cially viable catalysts at higher rhenium concentrations. By
this mnvention, it has been found that sulfided rhentum catalyst
prepared from catalyst in which the rhenium 1s partially
reduced has enhanced stability and moderated hydrogenation
activity even though the concentration of rhenium 1s greater
than 0.4 mass percent. Preferably, the sulfiding 1s accom-
plished with a relatively dilute sulfiding atmosphere, e.g., less
than about 10,000, and most preferably less than about 1000,
parts per million by mole sulfur. Preferably, the sulfiding 1s
done under reducing conditions including a temperature
greater than about 100° C., most preferably greater than about
200° C., for example between about 200° C. and 400° C., 1n
the presence of at least one of hydrogen and hydrocarbon, and
in the most preferred embodiments, 1n the presence of carbe-
nium 1ons.

In an embodiment, the catalysts of this invention comprise
a dispersed, selectively sulfided rhenium component on a
support comprising a rhenium-dispersing binder, wherein the
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rhenium (calculated as the elemental metal) 1s present 1n an
amount of between about 0.05 and 5, preferably 0.4 to 4, mass
percent of the catalyst and the atomic ratio of sulfur to rhe-
nium 1s between about 0.2:1 to 0.7:1, preferably 0.25:1 to
0.5:1. The catalyst further comprises a catalytically effective
amount of an acidic molecular sieve.

The preferred catalysts of this invention have been sub-
jected to calcination in the presence of air to enhance disper-
sion of rhenium on the rhenium-dispersing binder, and are
sulfided while rhenium is at least 1n a partially oxidized state,
and most preferably prior to any significant agglomeration of
the dispersed rhenium. The bulk oxidation state of the rhe-
nium when sulfiding may be at least +4.

The first sulfiding of the preferred catalysts of this inven-

tion are prepared using a highly dilute sulfiding gas under
sulfiding conditions. It 1s believed that the highly dilute gas
enhances uniformity of sulfiding of the rhenium 1n the cata-
lyst. Frequently, the sulfiding 1s accomplished by passing a
sulfur-containing gas over the catalyst, e.g., at a weight
hourly space velocity of at least about 0.5 hr™". The sulfiding
gas frequently contains less than about 5000, more preferably
less than about 500, parts per million by mole (ppm-mole)
sulfur.
The preferred catalysts of this mvention are first sulfided
under reducing conditions comprising a temperature of at
least about 100° C., for example, about 200° to 400° C.
Reducing conditions may be provided by the presence of at
least one of hydrocarbon and hydrogen in the substantial
absence ol an oxidizing component such as molecular oxy-
gen, nitrogen dioxide, or the like. In some instances, sulfiding
under pressure 1s desired, e.g., between about 0.1 to 10 MPa
gauge. Often the partial pressure of hydrogen during sulfiding
1s at least about 0.02, say, about 0.04 to 10 MPa.

Further preferred catalysts of this invention are first sul-
fided 1n the presence of carbenium 1ons. As carbenium 10ns
are intermediate chemical reaction products, the most conve-
nient mode of introducing carbenium ions 1s to effect hydro-
carbon cracking during the sulfiding. The hydrocarbon may
be any suitable compound capable of being cracked at the
conditions of sulfiding, and especially suitable hydrocarbons
comprise ethylbenzene, methylethylbenzene and propylben-
zene. Hspecially where the catalyst comprises an acidic
molecular sieve, carbenium 1ons may readily be generated.
Cracking may occur 1n the range of about 250° C. to 500° C.,
with 250° C. to 400° C. being preferred for sulfiding. Where
the rhentum-containing catalyst has insuflicient cracking
activity, higher temperatures may be required. Preferably the
sulfiding 1s accomplished by passing a gas comprising the
sulfiding component and the hydrocarbon for generating car-
bentum 10ns over the catalyst. Hydrogen 1s also present. The
sulfiding gas frequently contains less than about 5000, more
preferably less than about 500, parts per million by mole
(ppm-mole) sulfur. The gas also contains at least about 2,
preferably from about 5 to 99, mole percent of the hydrocar-
bon capable of generating the carbenium 1ons. The balance of
the gas may be hydrogen and other hydrocarbons. Generally,
hydrogen 1s present 1n a mole ratio to hydrocarbon of about
1:1 to 10:1.

The sulfiding 1s typically accomplished such that about 0.2
to 0.7, preferably 0.25 t0 0.5, atoms of sultur are provided per
atom of rhentum. Where the catalyst comprises other com-
ponents that can sorb or react with sulfur, the total amount of
sulfur provided should be sufficient to assure that the sought
amount of sulfur for the rhentum 1s provided. The sulfided
catalysts of this mnvention exhibit attenuated hydrogenation
activity. Accordingly, greater amounts of rhentum can be used
than heretofore possible to obtain enhanced stability without
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undue hydrogenation activity. In most instances, the cata-
lysts, once prepared, need not be further sulfided during nor-
mal operation. Process upsets or oxidative regenerations may
necessitate resulfiding.

The 1nvention also pertains to processes for making sul-
fided, rhemmum-containing catalysts. In one aspect, these pro-
cesses comprise providing catalyst having a dispersion of
rhenium on a support comprising a rhenium-dispersing,
binder and an essential absence of sulfur; and contacting the
catalyst with a gas contaiming sulfur while the rhenium 1s 1n at
least a partially oxidized state.

The catalysts of this invention are particularly usetul for
xylene 1somerization, toluene disproportionation to xylenes
and benzene, and transalkylation of aromatics with 9 or more
carbon atoms with at least one of toluene and benzene to
produce xylenes. The catalysts are attractive for converting
cthylbenzene to benzene and the dealkylation of ethyl and
higher alkyl groups of alkylbenzenes such as methyl ethyl
benzene. The catalyst are also attractive for converting non-
aromatics, for example, to saturate and/or crack non-aromat-

ics. Feedstocks for xylene 1somerization can contain ethyl-
benzene, for example, between about 5 and 60 mass percent,
and ethylbenzene can be converted. Advantageously, the
attenuated hydrogenation activity of the catalysts of this
invention results 1 reduced Ring Loss while achieving
desired conversions of feedstock.

In some 1nstances, the calcined catalyst1s partially reduced
prior to or during sulfiding. The amount of reduction 1s a
function of the reducing atmosphere, the temperature of the
reduction and the duration of the reduction. Under excessive
reducing conditions, especially those 1mnvolving higher tem-
perature, the dispersion of rhenium 1n the catalyst can be
adversely affected. Where a reduction precedes sulfiding, the
reducing temperature 1s less than about 400° C., preferably in
the range of about 100° C. to 350° C. The duration of the
reduction 1s preferably such that undue agglomeration of the
rhenium on the catalyst does not occur and, preferably, such
that the rhenium has an oxidation state of at least about +4.
Thus, the reduction 1s typically conducted for a period of less
than about 24 hours, with shorter periods being used at higher
temperatures. For instance, at 280° C., the duration of the
reduction is preferably less than about 12 hours.

The sulfiding may occur simultaneously with at least a
portion of the reduction or subsequent to the reduction. Pret-
erably, the sulfiding occurs under reducing conditions. The
reducing conditions preferably should not be so severe that
substantially all of the metal components are converted to the
corresponding elemental metallic state. It 1s preferred that the
reduction take place in a substantially water-free environ-
ment. Preferably, the reducing gas 1s substantially pure, dry
hydrogen (1.e., less than 20 ppm-mass water). However, other
gases may be present such as hydrocarbon, CO, nitrogen, etc.
The reduction step may be performed under atmospheric
pressure or at higher pressures. The preferred pressures are

from about 50 kPa (absolute) to 10 MKa (absolute), and often
in the range of 200 to 5000 kPa (absolute).

Where the sulfiding 1s conducted under reducing condi-
tions, the reducing gas will contain a sulfiding component.
The sulfur component may be incorporated into the catalyst
by any known technique. Any one or a combination of 1n situ
and/or ex situ sulfur treatment methods 1s preferred. Effective
treatment 1s accomplished by contacting the catalyst with a
source of sulfur at a temperature ranging from about 0° C. to
about 500° C. The source of sulfur can be contacted with the
catalyst directly or via a carrier gas, typically, a gas such as
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hydrogen or nitrogen. In this embodiment, the source of sul-
fur 1s typically hydrogen sulfide although sources can be
used.

In the event that the catalysts of this invention are regener-
ated by calcination, often resulfiding 1s beneficial. Regenera-
tion conditions generally comprise the controlled carbon
burn-oif of carbonaceous deposits on the catalyst 1n an oxy-
gen-containing atmosphere, e.g., air or air with additional
nitrogen and/or steam, at temperatures ranging from between
about370° C. to 650° C. for a period of between about 0.5 and
24 hours. In an embodiment, the carbon burn-off period may
be from about 7 to about 14 days. Carbonaceous deposits are
burned ofl and rhenium may be redispersed. The oxidation
state of rhenium may also be increased as well as being
converted to an oxide. The resulfiding can conveniently be
conducted 1n the modes set forth above.

EXAMPLES

In the following examples, all parts and percentages of
liquids and solids are by mass and those of gases are molar,
unless otherwise stated or apparent from the context. The
following examples are illustrative only and are not 1n limi-
tation of the broad aspects of the mnvention.

Catalyst Preparation

The following general preparation 1s used to make catalysts
of this invention: A powder blend of alumina (commercially
available under the trade name Catapal™ B), mordenite (am-
monium form and synthesized to a Si/Al, molar ratio of about
18:1) 1n mass ratios corresponding to those sought 1n the final
catalyst are added to a muller and mixed. The duration of dry
mulling 1s not critical provided that an essentially uniform
admixture 1s produced. Often, a uniform admixture can be
formed 1n about 30 minutes. A liquid mixture comprising
nitric acid (69.5 mass percent HNO,), deionized water and
ammonium perrhenate 1s added to the dry admixture while
continuing the mulling. The mass of the liquid added (exclud-
ing the mass of ammonium perrhenate) 1s about 0.113 grams
per gram of dry mix. The mass of ammomum perrhenate
contained 1n the liquid mixture 1s that suificient to provide the
sought concentration of rhenium 1n the catalyst. The mulling
1s continued for about 15 to 30 minutes and additional dis-
tilled water 1s added to provide a dough having an LOI of
about 40 mass percent. The mulling 1s continued until the
mull 1s semi-broken with small agglomerates and the ability
to form a mass when squeezed by hand. The dough 1s
extruded through a die plate to form cylindrically shaped
(0.16 cm diameter) extrudate particles.

Catalyst A 1s substantially prepared by the foregoing pro-
cedure using ratios of components such that the catalyst
nominally contains 70 mass percent MOR, 15 mass percent
MFI (S1/Al, molar ratio=23:1), balance alumina and 0.15
mass percent rhenium (calculated as the metal). The extrudate
particles are then dried 1n air at about 100° C. for about one
hour and calcined 1n air at about 580° C. for about 6 hours.
About four of these si1x hours are used heating to and cooling
from this peak temperature.

Catalyst B 1s substantially prepared by the foregoing pro-
cedure using ratios of components such that the catalyst
nominally contains 70 mass percent MOR, 15 mass percent
MFI (S1/Al, molar ratio=38:1), balance alumina and 0.15
mass percent rhenium (calculated as the metal). The extrudate
particles are then dried 1n air at about 100° C. for about one
hour and calcined 1n air at about 580° C. for about 6 hours.
About four of these si1x hours are used heating to and cooling
from this peak temperature.
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Catalyst C 1s substantially prepared by the foregoing pro-
cedure using ratios of components such that the catalyst
nominally contains 50 mass percent MOR, 25 mass percent
MFI (S1/Al, molar ratio0=23:1), balance alumina and 0.15
mass percent rhenium (calculated as the metal). The extrudate
particles are then dried 1n air at about 100° C. for about one
hour and calcined 1n air at about 580° C. for about 6 hours.
About four of these si1x hours are used heating to and cooling,
from this peak temperature.

Catalyst D 1s substantially prepared by the foregoing pro-
cedure using ratios of components such that the catalyst
nominally contains 50 mass percent MOR, 25 mass percent
MFI (S1/Al, molar rat10=38:1), balance alumina and 0.15
mass percent rhenium (calculated as the metal ). The extrudate
particles are then dried 1n air at about 100° C. for about one
hour and calcined 1n air contaiming 25 volume percent steam
at about 580° C. for about 6 hours. About four of these six
hours are used heating to and cooling from this peak tempera-
ture.

Catalyst E 1s substantially prepared by the foregoing pro-
cedure using ratios of components such that the catalyst
nominally contains 50 mass percent MOR, 25 mass percent
MFTI (S1/Al, molar ratio=23:1), balance alumina and 1.0 mass
percent rhemium (calculated as the metal). The extrudate par-
ticles are then dried 1n air at about 100° C. for about one hour
and calcined 1n air at about 380° C. for about 6 hours. About
four of these six hours are used heating to and cooling from
this peak temperature.

Catalyst F 1s a portion of Catalyst E that 1s reduced in
hydrogen at S00° C. for 12 hours, cooled to room temperature
while being retained 1n a nitrogen atmosphere, and sulfided at
room temperature by injecting hydrogen sulfide into the
nitrogen atmosphere surrounding the catalyst. The amount of
hydrogen sulfide injected 1s that calculated to provide 0.5
atom of sulfur per atom of rhenium. It 1s believed that the
actual amount of sulfur on the catalyst 1s less than that
expected.

Catalyst G 1s a portion of Catalyst E that 1s reduced in
hydrogen at 500° C. for 12 hours and cooled to room tem-
perature while being retained 1n a nitrogen atmosphere.

Catalyst H 1s a portion of Catalyst E that 1s reduced in
hydrogen at 280° C. for 12 hours and cooled to room tem-
perature while being retained 1n a nitrogen atmosphere.

Catalyst 1 1s a portion of Catalyst E that 1s reduced in
hydrogen at 280° C. for 12 hours, cooled to room temperature
while being retained 1n a nitrogen atmosphere, and sulfided at
room temperature by injecting hydrogen sulfide into the
nitrogen atmosphere surrounding the catalyst. The amount of
hydrogen sulfide injected 1s that calculated to provide 0.5
atom of sulfur per atom of rhenium. It 1s believed that the
actual amount of sulfur on the catalyst 1s less than that
expected.

Example 1

Catalysts A through D are evaluated 1in a pilot plant for
transalkylation catalytic activity. The catalysts are pre-condi-
tioned 1n the pilot plant by maintaining the catalyst at 280° C.
for 5 to 6 hours 1n the presence of dry hydrogen. The feed for
the activity screening comprises 49.9 volume percent toluene
and 40.0 volume percent of alkylaromatics having 9 carbouns,
with the balance being predominantly alkylaromatics of 10
carbon atoms, and suificient hydrogen to provide a hydrogen
to hydrocarbon mole ratio of about 4. The feed rate 1s sudlfi-
cient to provide a weight hourly space velocity of about 4
hr~'. The pilot plant is at about 2760 kPa gauge and at a
temperature suificient to provide about 50 mass percent con-
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version of the aromatics. The reported performance param-
eters are at 50 percent conversion of the feed; however, where
the conversion varies from the target, the parameter values
reported are those derived by interpolation to 350 percent
conversion. The Table I summarizes the results. In the table,
WABT 1s weight average bed temperature, Xylene Yield 1s the
mass percent of xylene 1n the transalkylation product, and
Benzene Co-Boilers 1s ppm-mass of the total non-aromatics
having 6 and 7 carbon atoms per mass unit of benzene in the
transalkylation product. All values are taken at the point that
the catalyst has been contacted with about 72 liters of feed per
kilogram of catalyst.

TABLE 1
Benzene

Xylene Yield,  Ring Loss, Co-boilers,

Catalyst WABT, °C. mass percent mole percent pPpIM-Imass
A 395 27.5 2.4 3000
B 385 27.6 2.4 5000
C 395 20.7 3.1 1000
D 380 29.1 2.4 2300

Example 2

Catalysts E to I are evaluated 1in a different pilot plant
having the capability for co-feeding a sulfur compound. The
high rhenium loading on the catalyst would, in the absence of
sulfiding, render the catalyst unsuitable for transalkylation
due to high Ring Loss and xylene loss. The catalysts are
pre-conditioned in the pilot plant by maintaining the catalyst
at 280° C. for 5 to 6 hours 1n the presence of dry hydrogen.
The feed for the activity screening comprises 49.9 volume
percent toluene and 40.0 volume percent of alkylaromatics
having 9 carbons, with the balance being predominantly alky-
laromatics of 10 carbon atoms, and suificient hydrogen to
provide a hydrogen to hydrocarbon mole ratio of about 4:1.

The feed rate 1s sullicient to provide a weight hourly space
velocity of about 4 hr™*. The pilot plant is at about 2760 kPa
gauge and at a temperature targeted to provide about 50 mass
percent conversion of the aromatics in the feed. In some of the
runs, sulfur1s co-fed as dimethyldisulfide in an amount o1 150
ppm-mole of the feed. The duration of this feeding 1s suifi-
cient to provide about 0.5 atom of sulfur per atom of rhenium
in the catalyst. The lined-out performance of the catalyst
during the run is reported in Table II. The reported perfor-
mance parameters are at 50 percent conversion of the feed;
however, where the conversion varies from the target, the
parameter values reported are those dertved by interpolation
to 50 percent conversion. In the table, WAB'T 1s weight aver-
age bed temperature, Xylene Yield 1s the mass percent of
xylene 1n the transalkylation product, and Benzene Co-boil-
ers 1s ppm-mass of the total non-aromatics having 6 and 7

carbon atoms per mass unit of benzene 1n the transalkylation
product. SOR 1s start of run.

TABLE II
Xylene
Yield, Benzene
WABT, mass Ring Loss,  Co-boilers,
Catalyst DMDS, °C. percent mole percent ppm-mass
RunlE SOR 369 28.7 1.8 9000
RunIIF  None 358 27.6 3.3 60000
Run IIIF SOR 354 27.6 3.3 55000
@30 l/’kg 362 27.4 3.3 45000
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TABLE II-continued

Xylene

Yield, Benzene

WABT, mass Ring Loss,  Co-boilers,

Catalyst DMDS, > C. percent mole percent ppm-mass
Run IVG SOR 353 277.2 4.6 110000
@W>8 l'kg 362 277.5 3.3 40000
w94 l/'kg 364 277.5 3.2 35000
RunV G SOR2X 360 277.7 3.0 40000
w94 l/'kg 364 27.8 2.9 35000
RunVIH SOR 365 28.3 2.5 25000
Run VIII None 362 28.2 2.8 35000
w86 l'kg 364 27.9 2.9 35000

Catalysts F and G, which are reduced at 500° C., do not
exhibit the high xylene yield and low Ring Loss achievable by
Catalyst E which 1s only subjected to reducing conditions by
the pretreatment at 280° C. for 5 to 6 hours. Catalyst E also
exhibits low benzene co-boiler production. Regardless
whether these Catalysts F and G are sulfided ex situ or 1n situ,
their performance does not achieve that of Catalyst E.

In Run IV, Catalyst GG, which 1s also reduced at 500° C , but
not ex situ sulfided as 1s Catalyst F, 1s sulfided 1n 31111 at
start-up. The sulfiding, however, fails to achieve a low Ring
Loss and high benzene purity of Catalyst E. Additional sul-
fidings result 1n an improvement in benzene purity, but again,
the performance of Catalyst E 1s not obtained. See Run V in
which Catalyst GG 1s sulfided twice at the beginning of the run.
The double sulfiding provides a performance with less Ring
Loss and lower benzene co-boiler make than in Run IV.
However, as with Catalyst G in Run IV, the effect of the
sulfiding does not provide a catalyst performance comparable
to Catalyst E.

Catalysts H and I are subjected to pre-reduction, but at a
lower temperature than that used to make Catalysts F and G.
The total duration of reduction prior to sulfiding, however, 1s
greater than that for Catalyst E. While still within the broad
aspects of the mvention, these Catalysts evidence benefits
with less severe reductions and with the 1nitial sulfiding being,
under reducing conditions. The data are indicative that differ-
ing sulfiding mechanisms exist that can provide much differ-
ing catalyst performances.

The mvention claimed 1s:

1. A transalkylation catalyst comprising a mordenite com-
ponent; an acidic MFI molecular sieve component having a
S1/Al molar ratio of less than about 40; a rhenium component
in the range of about 0.05 to about 5 mass percent of the
catalyst; and a rhenium-dispersing binder.

2. The catalyst of claim 1 wherein the S1/Al, molar ratio of
the acidic MFI molecular sieve component 1s less than about
25.

3. The catalyst of claim 1 wherein the S1/Al, molar ratio of
the mordenite component 1s less than about 40.

4. The catalyst of claim 1 wherein the binder comprises
alumina.

5. The catalyst of claim 1 further comprising a sulfur com-
ponent.

6. The catalyst of claim S wherein the atomic ratio of sulfur
to rhenium 1s between about 0.2:1 and about 0.7:1.

7. The catalyst of claim 5 wherein the rhentum component
1s present 1n an amount between about 0.4 and about 5 mass
percent of the catalyst.

8. The catalyst of claim 1 wherein the acidic MFI molecular
sieve component has a Total Acidity of at least about 0.25.

9. The catalyst of claim 1 wherein the mass ratio of the
acidic MFI molecular sieve component to the mordenite com-
ponent 1s 1n the range of about 1:10 to about 5:1.
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10. The catalyst of claim 1 wherein under Evaluation Con-
ditions the total of C, and C, non-aromatic compounds com-
prises less than about 10,000 ppm-mass of the product pro-
vided by the catalyst.

11. The catalyst of claim 1 wherein the acidic MFI molecu-
lar sieve component 1s a steamed MFI molecular sieve.

12. The catalyst of claim 1 wherein the mordenite compo-
nent comprises between about 20 to about 80 mass percent of
the catalyst; the acidic MFI molecular sieve component com-
prises between about 10 and about 70 mass percent of the
catalyst; and the binder comprises between about 1 and about
40 mass percent of the catalyst.

13. A transalkylation catalyst comprising a mordenite com-
ponent; an acidic MFI molecular sieve component having a
S1/Al molarratio of less than about 40; a rhenium component
in the range of about 0.4 to about 5 mass percent of the
catalyst; a sulfur component; and a rhenium-dispersing
binder; wherein an atomic ratio of sulfur to rhenium 1s
between about 0.2:1 and about 0.7:1.

14. The catalyst of claim 13 wherein the S1/Al, molar ratio
of the mordenite component 1s less than about 40.

15. The catalyst of claim 14 wherein the S1/Al, molar ratio
of the acidic MFI molecular sieve component 1s less than
about 25.

16. A process for making a transalkylation catalyst com-
prising;:

a) forming the catalyst comprising a mordenite compo-
nent, an acidic MFI molecular sieve component having a
S1/Al, molar ratio of less than about 40, a rhentum com-
ponent ranging from about 0.05 to about 5.0 mass per-
cent of the catalyst, and a rhenium-dispersing binder;

b) oxidizing the formed catalyst at conditions including an
oxygen atmosphere, a temperature of between 370° C.
and about 650° C., and a time of between about 0.5 and
about 10 hours; and

¢) reducing the oxidized catalyst in a reducing gas com-
prising at least one of hydrogen and a hydrocarbon at
conditions mcluding a temperature between about 100°
C. and about 650° C.

17. The process of claim 16 wherein the catalyst forming
step comprises co-mulling the mordenite component, the
acidic MFI molecular sieve component, the rhenium compo-
nent, and the binder to produce a dough; extruding the dough:;
and drying the extruded dough.

18. The process of claim 16 further comprising steaming
the acidic MFI molecular sieve component.

19. The process of claim 16 wherein steam 1s present in the
oxidizing step atmosphere in an amount between about 5 and
about 70 volume percent.

20. The process of claim 16 further comprising sulfiding,
the reduced catalyst at a temperature between about 0° C. and
about 500° C. for between about 0.5 hours and about 24 hours
to provide a sulfur component of the catalyst having an
atomic ratio of sulfur to rhenium between about 0.2:1 and
about 0.7:1.

21. The process of claim 16 wherein the reducing gas
turther comprises sulfur ranging from about 1 to about 10,000
ppm-mole and the hydrocarbon at a concentration of at least
2 mole percent; the reducing step temperature ranging from
about 200° C. to about 400° C.; and the reducing step being
carried out for suificient time to obtain a sulfur component of
the catalyst wherein an atomic ratio of sulfur to rhenium
ranges {rom about 0.2:1 to about 0.7:1.

22. The process of claim 21 wherein the reducing step 1s
conducted 1n situ 1n a process using the catalyst.
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